C olonic diverticulosis is the most common finding on screening colonoscopy in the United States, 1 and the prevalence of diverticulosis increases with age. Using national data from routine clinical colonoscopies, the prevalence of diverticulosis was 20% in individuals 40-49 years of age. The prevalence increased with every age group, reaching 75% in those 80 years of age and older. 1 In a U.S. colonoscopy-based study aimed at detecting diverticulosis, 2 the density, size, depth and distribution of diverticula also increased with age.
These false or pseudodiverticula are acquired with age and form when the colonic mucosa and submucosa herniate through vascular portals in the muscularis propria into the subserosa. 3 In contrast with the United States, colonic diverticulosis is less prevalent in African and Asian countries and, when present, is usually right-sided, 4, 5 although left-sided diverticula are becoming more frequent as shown in a recent report from Yokohama, Japan. 6 African Americans in the United States are more likely to have right-sided diverticulosis. 2 While diverticulosis is usually an incidental finding, some individuals with diverticulosis will go on to develop clinically significant complications. 7 The complications are morbid, sometimes fatal, and responsible for $5.5 billion dollars in U.S. health care expenditures annually. 8 The 2 most common complications of colonic diverticulosis are acute diverticulitis and diverticular hemorrhage. Acute diverticulitis is characterized by inflammation localized to a diverticulum and the surrounding mucosa. Acute diverticulitis is usually a selflimited event but relapses unpredictably in more than 20% of cases. 9 In some cases of acute diverticulitis, the inflammation will lead to a phlegmon, abscess, bowel perforation, or peritonitis. Rarely, acute diverticulitis will become chronic or progress to a fistulizing or structuring disease. Chronic gastrointestinal symptoms are common after an episode of diverticulitis and attributed to postinflammatory visceral hypersensitivity. [10] [11] [12] In contrast, diverticular hemorrhage is the result of rupture of an artery in the base or neck of a diverticulum without associated inflammation. Diverticular disease is a nonspecific term often used to describe diverticulosis and all potential complications, but is sometimes used to only describe the complications of diverticulosis. 13 Most of the research to date has used the former. We used the term similarly in this review. When possible, we use more specific nomenclature (ie, diverticulosis and diverticulitis) because the mechanism by which colonic diverticula form may be entirely different from the mechanism by which diverticulitis or diverticular hemorrhage develops. 14 This review does not include discussion of symptomatic uncomplicated disease, a debated condition used to describe patients with diverticulosis without diverticulitis and chronic gastrointestinal symptoms. 11, [15] [16] [17] diverticular disease in siblings of index cases was 7-fold for monozygotic twins and 3-fold for dizygotic twins. 18 A population-based study in Denmark found that the risk of developing diverticular disease in siblings of index cases was 14.5-fold for monozygotic twins, 5.5-fold for dizygotic twins, and 3-fold for siblings. 19 The risk was significantly higher for siblings of cases with young-onset disease. Among twins, but not siblings, there was a marked difference in risk by sex, with strong evidence for a genetic effect in female twins, but not among male twins. Based on these 2 studies, the genetic contribution to diverticular disease is estimated at 40%-53%.
Diverticulosis: Prevailing Hypothesis of Fiber Deficiency Questioned
Historically, colonic diverticulosis was attributed to a low fiber diet. In 1971, Painter and Burkitt 20 proposed that a low fiber diet resulted in smaller volume stool while the sigmoid colon would segment or functionally obstruct when the diet was deficient in bulk forming fiber. 21 Over time, the colon wall was thought to "rupture" from excessive pulsion forces with formation of diverticula. 21 The fiber hypothesis was based on ecologic observations-diverticulosis was rare in countries with high-fiber diets-and until recently, had never been formally studied. The fiber hypothesis was tested in 2 cross-sectional colonoscopy-based studies of well-characterized individuals (demographics, diet, and physical activity) presenting for a screening colonoscopy, thereby avoiding selection bias. In both studies, neither dietary fiber intake nor constipation was associated with an increased risk of colonic diverticulosis. 22, 23 Measures of association were calculated with appropriate control for confounding variables. This work strongly challenged the hypothesis that diverticulosis is the result of a low fiber diet and created the space for alternative hypotheses.
Alternative Hypotheses for Diverticulosis: Altered Tissue Integrity, Sex Hormones, the Microbiome, and Inflammation Diverticula form when colonic mucosa and submucosa herniate through the perivascular connective tissue envelope that surrounds the intramural vasa recta (Figure 1 ). 14 As such, there is potentially a role for dysfunctional connective tissues, best illustrated by association of diverticulosis with both acquired 24 and inherited connective tissue disorders including Marfan, Ehlers-Danlos, Coffin-Lowry, and Williams syndromes, reviewed by Reichert and Lammert, 25 and aging ( Figure 1 ). Dysfunctional connective tissues may predispose colonic mucosa and submucosa to herniate into the subserosa, and alter colonic compliance. There is lower compliance of the sigmoid compared with the transverse colon, 26 which has similar compliance to the ascending colon. 27 These observations might explain the higher prevalence of distal diverticulosis in Western populations. Collagen accounts for mechanical stability of connective tissues, and is altered in patients with a history of recurrent diverticulitis, as a reaction to chronic inflammation. [28] [29] [30] In diverticulosis without diverticulitis, there is evidence for higher expression of matrix metalloproteinase-1 (ubiquitously expressed interstitial collagenase) and altered connectives tissues. [31] [32] [33] [34] [35] While dysfunctional connective tissues or compliance contribute to the risk of distal diverticulosis, right-sided diverticulosis in Asian individuals 4,5 may suggest a genetic contribution.
Endogenous sex hormones may be associated with diverticulosis risk. In a prospective study of patients undergoing screening colonoscopy, diverticulosis was less prevalent in premenopausal age women compared with similar aged men. 36 The prevalence of diverticulosis in men and women was the same after 50 years of age. This finding suggests that ovarian steroid hormones in premenopausal women may reduce the risk of diverticulosis, potentially via favorable effects of steroid hormones on collagen or elastin. 37, 38 In the same study, general obesity increased the risk of diverticulosis in women, but not men. 36 The increased risk was limited to women before the age of 60. Premenopauseal obesity may increase the risk of diverticulosis in women by decreasing circulating estrogen and increasing free testosterone. 39 The development of colonic diverticulosis is unlikely to be related to an aberrant microbiota, based on absence of significant alterations in a careful study. 40 Mucosal inflammation is also unlikely to play a role; in a colonoscopy-based study, there was no association between markers of chronic mucosal inflammation and diverticulosis. 16 
Diverticulosis and Motility: Neuromuscular Mechanisms and Receptors
Studies utilizing full-thickness human sigmoid colons with diverticulosis have found significant alterations in enteric smooth muscle in noninflamed regions. Such studies documented severely reduced spontaneous motility and enhanced neutrally mediated sigmoid colon tissue responses, 41 multiple molecular alterations involved in smooth muscle contractile functions, 42 increased ratio of connective tissue within the longitudinal muscle layer, or increased thickness of the circular and longitudinal muscle layer, structural alterations of smooth muscle cells, and decreased expression of functionally relevant myofilament types. 33 One study reported downregulation of 5-hydroxytryptamine receptor 4 receptors (which are involved in stimulation of peristalsis) in colons with diverticulosis. 43 Descriptive motility studies suggested compartment formation in sigmoid colons with diverticulosis, 21, 23 leading to elevated segmental pressures. These provocative studies did not formally compare motility measurements in healthy subjects, and may have involved selection, age or sex bias. There are no contemporary studies of colonic motility in patients with diverticulosis without such biases. 44 
Diverticulitis: Compelling Evidence that Diet and Lifestyle Contribute to Risk
In addition to the genetic contribution described previously, there is strong evidence that age, female sex, diet, and lifestyle contribute to the risk of diverticulitis. 45 Similar to diverticulosis, diverticulitis risk increases with age. 46 Likewise, premenopausal age women are protected from diverticulitis compared with similar-aged men. 46 Unlike diverticulosis risk, the risk of diverticulitis increases significantly in women after the age of menopause and is greater in women over 60 years of age compared with similar-aged men. 46 Menopausal hormone therapy increases the risk. 47 In well-characterized prospective cohort studies, obesity, a Western diet (including low dietary fiber and high red meat intake), physical inactivity, and smoking increase the risk of diverticulitis. 45, 46, [48] [49] [50] [51] [52] Regular use of nonsteroidal anti-inflammatory drugs doubles the risk, 53 and chronic immunosuppression 54 is also a risk factor for diverticulitis and the more serious complications, such as abscess and perforation.
Diverticulitis Pathophysiology: Dysmotility, the Microbiome, and Inflammation
Similar to diverticulosis, the etiopathogenesis of diverticulitis is poorly understood. Some authors have hypothesized that diverticulitis is the result of inspissated stool eroding through the diverticular wall ( Figure 1 ). 55 It has also been suggested that peridiverticular submucosal blood vessels can become compromised causing local ischemia and inflammation. 14 There is a theory that a narrow necked diverticulum does not empty well and that increased exposure time to stool facilitates translocation. 14 Finally, the fundus of the diverticulum (with only a serosal covering) may become distended to the point of microperforation. 14 There are a number of factors that may contribute to diverticulitis pathogenesis. Dysmotility may play a role in the pathogenesis of diverticulitis. In preliminary work, more frequent bowel movements at baseline were associated with diverticulitis risk. 56 Studies utilizing full-thickness human sigmoid colons electively resected for diverticular disease (usually diverticulitis) found hypoganglionosis of the enteric nervous system, 57 altered GDNF/Ret signaling in the myenteric plexus, 58 altered expression of the homeobox transcription factor Phox2b 57 and abnormalities in longitudinal muscle relaxation. 59 Recurrent diverticulitis may induce changes in the enteric nervous system or these factors may be associated with diverticulosis pathogenesis but not progression to diverticulitis. In a single multigenerational family with early onset diverticulitis, whole exome sequencing was performed and identified a variant in the LAMB4 gene. This protein plays a role in the function of the enteric nervous system. 60 Figure 1 . Colonic diverticula form when mucosa and submucosa herniate through the envelope that surrounds the intramural vasa recta; colonic dysmotility or structural weaknesses likely contribute to this pathology. Diverticular hemorrhage is an arterial bleed in an uninflamed diverticulum, with vascular disease or structural weakness likely playing a role. Acute diverticulitis is inflammation localized to a diverticulum and the surrounding mucosa triggered by microperforation or bacterial translocation, or focal ischemia.
If the fecalith or distended diverticulum hypotheses are true, dysfunctional connective tissues may not only predispose to diverticulosis pathogenesis, but may also contribute to diverticulitis. In diverticulitis, there is evidence for diffuse alterations in concentrations of matrix metalloproteinases and tissue inhibitors of metalloproteinases 61 and elastosis. 62 Because connective tissue is changed by chronic inflammation, it is difficult to determine whether these changes occurred before the development of diverticulitis.
The gut microbiome may play a role in the pathogenesis of diverticulitis. 13, 63 Gut dysbiosis is associated with mucosal barrier defects and local immune dysfunction and these derangements may contribute to the mucosal inflammation of diverticulitis. This hypothesis is based on evidence that aging, smoking, obesity, a Western diet, and physical inactivity are associated with dysbiosis and diverticulitis risk. Antibiotics use also leads to an unbalanced microbial community, and there are preliminary data that chronic antibiotic use is associated with developing diverticulitis. 64 Previous studies of the microbiome in patients with diverticulitis are based on small cohorts that assessed the microbiome after diagnosis and antibiotic exposure, which may cause dysbiosis. [65] [66] [67] [68] Because the majority of individuals with diverticulosis have multiple colonic diverticula and diverticulitis is a focal disease, the contribution of dysbiosis is likely in addition to other factors. The gut microbiome is modifiable, which makes understanding how the microbiota contributes to the inflammatory cascade of diverticulitis an important next step in understanding diverticulitis pathogenesis.
Chronic inflammation is suspected to contribute to diverticulitis risk based on the evidence that obesity, a Western diet, and physical inactivity are risk factors. 13 Likewise, statins reduce the risk, albeit this evidence is limited. 69 There is preliminary evidence that plasma levels of inflammatory (C-reactive protein and interleukin-6) biomarkers are elevated before a diagnosis of diverticulitis, which more directly supports a role for chronic, systemic inflammation. 70 There are multiple inflammatory pathways that could plausibly increase the risk of diverticulitis. Several trials of anti-inflammatory and immunosuppressive drugs for inflammatory bowel disease did not reduce the risk of recurrent disease, which suggests that these diseases do not share a common inflammatory pathway. 9 Additionally, corticosteroids and nonsteroidal anti-inflammatory drugs increase, not decrease, diverticulitis risk.
Chronic inflammation plays a role in cardiovascular disease. Diverticulitis and cardiovascular disease share several risk factors including obesity, physical inactivity, a Western diet, smoking, and chronic corticosteroid use, and among women, being postmenopausal. In a large population-based study, incident diverticular disease was associated with development of acute myocardial infarction, stroke, venous thromboembolism, and subarachnoid hemorrhage. This risk remained even after excluding the first year of follow-up. 71 This study raises the question of whether vascular disease contributes to diverticulitis risk similar to heart disease. Given the shared risk, factors this is a feasible hypothesis.
Diverticular Hemorrhage: Pathophysiology and Epidemiology
The second-most-common complication of colonic diverticulosis is diverticular hemorrhage, an arterial bleed from the base or neck of an uninflamed diverticulum. Diverticular hemorrhage is the most common cause of lower gastrointestinal bleeding, but is difficult to diagnosis and is most commonly a presumed diagnosis, making research difficult. 72 Diverticula proximal to the splenic flexure are more likely to bleed compared with diverticula in the descending and sigmoid colon. 14 Some authors have hypothesized that diverticular hemorrhage is the result of inspissated stool causing trauma (Figure 1 ). 14 Mechanical vulnerability has also been proposed. 14 Diverticular hemorrhage is most common in U.S. adults over 60 years of age and African Americans. 73 Obesity, physical inactivity, hypertension, diabetes, and vascular disease increase the risk. 51, 52, 74 Regular use of nonsteroidal anti-inflammatory drugs is also a risk factor. 75 Recurrent hemorrhage is common with 15% risk recurrence in 5-year follow-up. 76 
Multiple Genetic Association Studies Identify Possible Loci
Genome-wide association studies (GWASs) aimed at discovery of variants associated with diverticular disease have implicated several novel genes. These studies are summarized in Table 1 , which provides information at the discovery and replication stages. To date, at least 35 loci are associated with diverticular disease. In contrast with other works, 77, 78 the tumor necrosis superfamily 15 gene was not identified in GWASs.
Biological Plausibility of Suggested Gene Variants in Diverticular Disease
Given the identification of these genetic loci (Table 2) , we have evaluated the biological plausibility of a role in development of diverticular disease, based on the actions of the genes themselves and the impact of the gene variants. The reported variants can be classified into 5 groups (Table 2) based on association with altered smooth muscle or nerve functions, connective tissue function, possible association with other bowel functions (eg, epithelial or immune), biological or clinical relevance unrelated to bowel function, and uncharacterized single nucleotide polymorphisms (SNPs) or unnamed single nucleotide variants (SNVs) of unclear biological or clinical significance.
Among gene variants associated with altered smooth muscle or nerve functions, the prime candidates of interest appear to be ANO1, CPI-17 (aka PPP1R14A), COLQ6, COL6A1, and CALCB or CALCA. Thus, ANO1 influences Ca 2þ -activated Cl-channels in the pacemaker ICCs, downregulation of CPI-17 causes sustained muscle contraction, and downregulation of COLQ reduces acetyl cholinesterase. P2RY12 and CALCB or CALCA affect afferent nerves, microglia, or calcium balance, and may indirectly affect neuromuscular function. Other genes, COL6A1, ARHGAP15, and S100A10, potentially impact the structure, tensile strength, or c Diverticular disease included individuals with diverticulosis and any potential complication. Cases were defined as an individual with any ICD-10 K57 code. d Diverticulosis cases were defined by individuals with ICD-9 562.10 or 562.12 code. Diverticulitis cases were defined by individuals with an ICD-9 562.11 or 562.13 code. e Diverticular disease included individuals with diverticulosis and any potential complication. Defined as an individual with an ICD-9 code 562 or ICD-10 K57 in the UK Biobank dataset for primary, secondary, and self-reported diverticular disease diagnosis. f Diverticular disease included individuals with diverticulosis and any potential complication. The German and Lithuanian samples were phenotyped by review of colonoscopy reports, hospital admissions, and ambulatory clinic records to identify cases with diverticulosis and diverticulitis, and diverticula-free controls. The Austrian samples were phenotyped by review of colonoscopy and clinical data. The Swedish samples were phenotyped based on colonoscopy reports to identify cases with or without diverticulosis. biomechanical properties of the colon. Despite their biological plausibility, the SNPs or SNVs themselves are mostly intronic and are of unclear clinical significance. Because diverticular disease is a heterogeneous grouping, the relative genetic effect of 27 replicating loci on diverticulitis vs diverticulosis risk was assessed in the European cohort of the Schafmayer et al study. Four loci showed stronger effects for diverticulitis compared with diverticulosis (PHGR1, FAM155A-2, CALCB, and S100A10). Again, the gene CALCB is associated with afferent nerve function and calcium balance, which supports a role for dysmotility in diverticulitis pathogenesis. The gene S100A10 regulates the remodeling of the extracellular matrix, which also suggests dysmotility or potentially structural weakness in the diverticulum leading to diverticulitis. The gene PHGR1 may conceivably increase risk of diverticulitis as it causes epithelial dysfunction and could conceivably increase the likelihood of bacterial penetration to induce inflammation.
Of note, with rare exception (FADD) there was little overlap with genes associated with inflammatory bowel disease. Specifically, the genetic studies in diverticulosis and diverticulitis have not identified associations with HLA genes, or genes involved in regulation of innate or adaptive immune responses, defense responses, or responses to biotic stimuli or organisms, which have been described as factors determining susceptibility or outcome in patients with Crohn's disease. 79 Similarly, there was no overlap with 38 susceptibility loci for inflammatory bowel disease identified across populations. 80 Diverticular hemorrhage is the result of an arterial rupture in the base or neck of a diverticulum. While less frequent than diverticulitis, cases of diverticular hemorrhage would have been captured under the umbrella of diverticula disease in the GWASs described here. There are several genes in the GWASs that could be implicated in the pathogenesis of diverticular hemorrhage. The genes ELN, BMPR1B, and EFEMP1 are associated with connective tissue function, and laxity in a diverticulum may predispose to shearing of the culprit artery. There are also several genes associated with vascular disease. The ABO gene encodes proteins related to the ABO blood group system. In addition to red blood cells, ABO carbohydrates are expressed on the surface of many tissues and cells, including epithelial cells, sensory neurons, platelets, and vascular epithelium, and are associated with risk of thrombosis and hemorrhage. 81 ABO antigens and blood group type has been associated with risk of gastrointestinal bleeding. 82 While P2RY12 has a role in neural development, this gene also has a role in platelet function, which may impact hemorrhage risk. CALCB has a role in vascular endothelium, SLC35F3 in hypertension, and CACNB2 in Ca (2þ)-channel activity. If the hypothesis that vascular disease drives diverticulitis risk is true, these same genes may play a role in diverticulitis. However, the mechanism whereby a vascular mechanism results in diverticulosis is still unclear.
While the approach used in our appraisal of the genetic associations with diverticular disease have been based on prior biological knowledge, there are algorithms and tools for inferring and scoring regulator networks upstream of gene-expression data (eg, based on large-scale causal network derived from the Ingenuity Knowledge Base) or to predict downstream effects on biological functions and diseases, within Ingenuity Pathway Analysis (http://www. ingenuity.com). Thus, causal analytics tools are available to appraise upstream regulator analysis, mechanistic networks, causal network analysis, and downstream effects analysis. 83 However, the pathway analysis is usually applied to tissue gene expression or transcriptomics and may identify tissue processes such as inflammation and immune response, cytokine signaling, cellular growth, and movement in addition to processes more directly related to specific functions such as nerve regeneration following nerve injury. 84 Schafmayer et al 85 used 2 gene set and pathway analysis approaches (MsigDB) 86 and VEGAS2Pathway 87 to determine if the polygenic signal measured in the diverticular disease associated genes clustered in specific biological pathways. VEGAS2Pathway analysis pointed to processes involved in cell and organ differentiation and extracellular matrix among the top 5 identified pathways: negative regulation of cell differentiation, extracellular matrix, negative regulation of developmental process, muscle organ development, and regulation of cell differentiation. These relatively nonspecific pathways contrast with the identified individual genes that affect neuromuscular mechanisms or connective tissue in the study by Schafmayer et al 85 
Future Research
This analysis provides insights into the genes and mechanisms that might be prioritized for further mechanistic, phenotypic measurements (eg, colonic diameter, transit, pressures, and compliance), as well as association studies with gene variants that are more closely aligned to colonic function. Such hypothesis-based research would require smaller sample size and should ascertain the contributions of abnormal motor physiology and genetics to the development and natural history of diverticular disease.
